We present near-infrared K-band spectroscopy of 21 elliptical or cD Brightest Cluster Galaxies (BCGs), for which we have measured the strength of the 2.293 µm CO stellar absorption feature. We find that the strength of this feature is remarkably uniform among these galaxies, with a smaller scatter in equivalent width than for the normal elliptical population in the field or clusters. The scatter for BCGs is 0.156 nm, compared with 0.240 nm for Coma cluster ellipticals, 0.337 nm for ellipticals from a variety of other clusters, and 0.422 nm for field ellipticals. We interpret this homogeneity as being due to a greater age, or more uniform history, of star formation in BCGs than in other ellipticals; only a small fraction of the scatter can be due to metallicity variations, even in the BCGs. Notwithstanding the small scatter, correlations are found between CO strength and various galaxy properties, including R-band absolute magnitude, which could improve the precision of these galaxies as distance indicators in measurements of cosmological parameters and velocity flows.
INTRODUCTION
Elliptical or cD Brightest Cluster Galaxies (BCGs) have long been used as cosmological probes, in attempts to determine parameters such as H0 and q0 (Sandage 1972; Sandage & Hardy 1973; Hoessel, Gunn & Thuan 1980; Sandage & Tammann 1990) . These studies make use of the ease of selection of such objects at cosmological distances, which is a result of their bright optical luminosities and privileged locations defined by other galaxies and by the centroids of cluster X-ray emission. They also appeal to another, more surprising property of BCGs: they appear to be excellent standard candles, with Sandage & Hardy (1973) finding a scatter of only 0.28 mag in visual absolute magnitude, after correction for cluster Bautz-Morgan (1970) and richness class. Lauer & Postman (1994) , in a study using more modern CCD techniques, found a scatter of 0.33 mag in R-band absolute magnitudes of BCGs. They were able to reduce this scatter to 0.25 mag by using the relation of absolute magnitude with the 'Structure Parameter' α of Hoessel (1980) , which is defined as
where rm is a metric radius of 9.6 kpc and Lm is the luminosity within that metric radius. Hoessel (1980) explains α as being a dimensionless parametrization of galaxy size, and empirically it is found to increase with BCG luminosity. Indeed he found a scatter in α-corrected BCG absolute magnitudes of just 0.21 mag, even lower than that of Lauer & Postman (1994) . This uniformity in BCG luminosities remains something of a mystery. There is indeed good reason for expecting a wider disparity in BCG properties than in those of other galaxy types. Hoessel (1980) and Lauer (1988) showed that ∼30% of BCGs have multiple nuclei, a frequency which is greater than would be predicted by chance superpositions, and which indicates that galactic cannibalism is very common in BCGs at the present epoch. The continued accretion of cluster members would seem to ensure that BCGs as a population should have diverse properties, and it would seem probable that this should be reflected both in their total luminosity and in their composition. One motivation for the present paper is to test whether BCGs are more homogeneous or more diverse than the general population of elliptical galaxies.
In this paper, we look at the stellar populations of BCGs, by measuring the strength of the 2.293µm CO absorption feature for 21 BCGs, and comparing the distribution of values with similar measurements for a large sample of field, group and cluster ellipticals ( CO strength contains information on recency of star formation, since it is very strong in supergiants (present 10 7 -10 8 years after a burst of star formation), strong in the cool AGB stars which contribute significantly to the near-IR light after 10 8 -10 9 years (Renzini & Buzzoni 1986; Oliva et al. 1995) , and somewhat weaker in older populations. It also displays some metallicity dependence, being weak in very low metallicity globular clusters (Origlia et al. 1997 ). This dependence was quantified by Doyon, Joseph & Wright (1994) , and further studied in Mobasher & James (1999) .
Such studies of BCGs are particularly significant considering the apparent large-scale velocity flow found by Lauer & Postman (1994) . Using a sample of 119 BCGs out to a redshift of 15000 kms −1 , they found the restframe defined by the galaxies to differ from that of the Cosmic Microwave Background by almost 700 kms −1 . This result has been interpreted as evidence for a cosmological streaming flow, but an alternative explanation would be that BCG properties vary systematically around the sky, for example due to stellar population changes from galaxy to galaxy. This provides a further motivation for the present study.
The organisation of this paper is as follows. Section 2 describes the selection of target galaxies, the observations, and the data reduction. Section 3 contains the main results, including a comparison of CO absorption strengths of BCGs and other elliptical galaxies, and correlations of CO strengths with other galaxy parameters. Section 4 summarises the main conclusions.
SAMPLE SELECTION, OBSERVATIONS AND DATA REDUCTION
The galaxy sample was selected from the BCG list of Lauer & Postman (1994) . All have measured recession velocities less than 15,000 kms −1 , with R band photometry presented in Lauer & Postman (1994) . The observations presented here were carried out using the United Kingdom Infrared Telescope (UKIRT) during the 4 nights of 21-24 February 1999. The instrument used was the long-slit near-IR spectrometer CGS4, with the 40 line mm −1 grating and the long-focallength (300 mm) camera. The 4-pixel-wide slit was chosen, corresponding to a projected width on the sky of 2.4 arcsec. Working in 1st order at a central wavelength of 2.2 µm, this gave coverage of the entire K window. The CO absorption feature, required for this study, extends from 2.293 µm (rest frame) into the K-band atmospheric cut-off. The principal uncertainty in determining the absorption depth comes from estimating the level and slope of the continuum shortward of this absorption which requires wavelength coverage down to at least 2.2 µm and preferably to shorter wavelengths. There are many regions of the continuum free from lines even at this relatively low resolution. The effective resolution, including the degradation caused by the wide slit, is about 230.
For each observation, the galaxy was centred on the slit by maximising the IR signal, using an automatic peak-up facility. Total on-chip integration times of 12 minutes were used for the brightest and most centrally-concentrated ellipticals while an integration time of 24 minutes was more typically required. During this time, the galaxy was slid up and down the slit at one minute intervals by 22 arcsec, giving two offset spectra which were subtracted to remove most of the sky emission. Moreover, the array was moved by 1 pixel in the spectral direction between integrations to enable bad pixel replacement in the final spectra. Stars of spectral types A0-A6, suitable for monitoring telluric absorption, were observed in the same way before and after each galaxy, with airmasses matching those of the galaxy observations as closely as possible. Flat fields and argon arc spectra were taken using the CGS4 calibration lamps. A total of 21 brightest cluster galaxies was observed.
The data reduction was performed using the FIGARO package in the STARLINK environment. The spectra were flatfielded and polynomials fitted to estimate and remove the sky background. These spectra were then shifted to the rest frame of the galaxy, using redshifts from Lauer & Postman (1994) . The atmospheric transmissions were corrected by dividing each spectrum with the spectrum of the star observed closely in time to the galaxy, and at a similar airmass. The resulting spectrum was converted into a normalised, rectified spectrum by fitting a power-law to featureless sections of the continuum and dividing the whole spectrum by this power-law, extrapolated over the full wavelength range. Two rectified spectra are shown in Fig. 1 . The apparent emission features at 2.14 µm and 2.10 µm are artefacts caused by absorptions in the A stars used for atmospheric transmission correction, and appear in different positions because of the restframe corrections.
To measure the depth of the CO absorption feature, the procedure outlined in James & Mobasher (1999) is used. The restframe, rectified spectra were rebinned to a common wavelength range and number of pixels, to avoid rounding errors in the effective wavelength range sampled by a given number of pixels. The CO strength for each spectrum was determined using the method of Puxley, Doyon & Ward (1997) . They advocate the use of an equivalent width, COEW , which is determined within the CO absorption feature between rest-frame wavelengths of 2.293 µm and 2.320 µm. This wavelength range was found by Puxley et al. (1997) to give maximum sensitivity to stellar population variations, and can be used for galaxies with recession velocities of up to ∼18000 kms −1 before the spectral region of interest shifts out of the usable K window. This is not the case for the CO index COsp used by Doyon et al. (1994) , which extends over a restframe wavelength range of 2.320-2.400 µm and would have been affected by large and uncertain telluric absorption and emission for the highest redshift galaxies in the present sample. Thus we only present COEW values in this paper.
A further advantage of the COEW definition of Puxley et al. (1997) is that it is almost completely unaffected by velocity dispersion effects, due to the wide range of wavelength over which the absorption is measured. Puxley et al. (1997) find the velocity dispersion corrections to be insignificant, which we confirmed by smoothing low-velocitydispersion galaxy spectra to an effective velocity dispersion of 500 kms −1 . The resulting change in COEW was ∼0.25%, very much smaller than the random errors.
The errors on the COEW values include three components. The first was calculated from the standard deviation in the fitted continuum points, on the assumption that the noise level remains constant through the CO absorption, giving an error on both the continuum level and on the mean , showing the wavelength ranges used to define the continuum level and the CO Equivalent Width. These spectra illustrate the lowest and highest signal-to-noise spectra used for the present paper.
level in the CO absorption, which were added in quadrature. The second error component comes from the formal error provided by the continuum fitting procedure. This procedure could leave a residual tilt or curvature in the spectrum, and the formal error was used to quantify this contribution. The final component was an estimate of the error induced by redshift and wavelength calibration uncertainties. All three errors were of similar sizes, with only the first varying from spectrum to spectrum, as a result of signal-to-noise variations (see Fig. 1 ), and all three were added in quadrature to give the value quoted in Table 1 .
RESULTS
The equivalent widths of CO absorption features for the sample of BCGs observed in this study are presented in Table 1 . The data included in this table are Abell (1958) catalogue numbers (column 1), BCG names (column 2), COEW values with 1-σ errors (column 3), recession velocity in kms −1 (column 4), absolute R-band magnitude corresponding to the metric luminosity Lm (column 5), structure parameter (α) (column 6) and the magnitude residual relative to the best-fit Lm-α relation (column 7), (columns 4-7 Figure 2 . Histograms of CO EW distributions BCGs (hashed regions), overlaid on field and group galaxies (a), cluster galaxies (b), and Coma cluster galaxies (c).
are all taken from Lauer & Postman (1994) , who assumed a Hubble constant of 80 kms −1 Mpc −1 ). Columns 8 and 9 contain velocity dispersions and Mg2 metallicity indices, where available, from Faber et al. (1989) .
We find the mean COEW value for the 21 BCGs (3.35±0.03) to be effectively identical to that of the Coma cluster ellipticals (3.37±0.04) (Mobasher & James 1999) , and to that of the 31 ellipticals from a range of clusters discussed by James & Mobasher (1999) (3.29±0.06). The cluster and BCG distributions lie between the distributions of 'isolated' and 'group' field ellipticals discussed by James & Mobasher (1999) and shown in Fig. 2a . The major difference between the BCG COEW values and those of other ellipticals is the remarkably small range in the former: the standard deviation for BCGs is 0.156, compared to 0.240 for Coma ellipticals, 0.337 for general cluster galaxies, and 0.422 for cluster plus field ellipticals. Indeed, the scatter in BCG CO absorption strengths is that predicted from the error estimates on the individual COEW values, and so the intrinsic scatter may be much smaller still. Given the small number of BCG galaxies, a Kolmogorov-Smirnov test cannot distinguish between the distributions of BCG and cluster or Coma galaxies in Figs. 2b and 2c, but there is less than 10% chance that the BCGs are drawn from the same parent population as all the non-BCG ellipticals, and less than 1% chance that they are from the same population as field ellipticals (Fig.  2a) .
The BCGs are drawn from a much narrower region of the galaxy luminosity function than are the comparison samples in Fig. 2 , which could affect the interpretation of this result. The 21 BCGs have a range in MR of -22.0 to -23.1, little more than a magnitude. R-band photometry is not available for all the comparison galaxies, but good estimates can be made from published optical and near-IR photometry, leading to an estimated range of MR of -19.4 to -22.8 for the Coma cluster ellipticals, and -19.8 to -22.5 for the field and cluster ellipticals discussed by James and Mobasher (1999) . We investigated whether the differences in COEW scatter shown in Fig. 2 result from these differences in luminosity range by regressing COEW on absolute magnitude, and studying the distributions of COEW residuals about the best-fit lines. The distributions of these residuals are shown in Fig. 3 . The dashed, diagonally shaded columns represent the residuals for the BCGs; the thick, dotted columns are those for the Coma cluster galaxies; and the solid lines represent the residuals for the field, group and cluster galaxies from James and Mobasher (1999) . The standard deviations of the COEW residuals are 0.133 nm for the BCGs, 0.221 nm for the Coma ellipticals, and 0.419 nm for the cluster plus field ellipticals. This reinforces the conclusion from Fig. 2 that the BCGs have substantially more homogeneous CO strengths than the other elliptical galaxies studied, and this result does not appear to be a selection effect caused by the small luminosity range of the BCGs.
This uniformity in COEW values is the main result of this paper, and it is important to consider what it implies in terms of differences between BCGs and other ellipticals. Both high metallicity and recency of star formation are expected to increase COEW values. The effect of metallicity on COEW values can be estimated for the galaxies with mea- and from the definitions in Puxley et al. (1997) it is straightforward to convert from the index COsp to COEW . Then, the measured scatter in Mg2 index of 0.029 for the BCGs should cause a scatter of 0.060 nm in COEW , 38% of the observed scatter. For Coma ellipticals, the measured Mg2 scatter is 0.024, equivalent to a scatter of 0.049 nm in COEW , 20% of that observed, and for the field and cluster sample, the Mg2 scatter is 0.030, and the predicted COEW scatter 0.062 nm, 15% of that observed. Note also that the scatters in Mg2 values are very similar in the three subsamples, whereas they have very different COEW distributions. Thus, we conclude that metallicity differences have little effect on the measured COEW values for the elliptical galaxies studied here, and propose that star formation history is the dominant factor causing the larger scatter for non-BCG ellipticals. If so, the differences in the distributions of COEW , shown in Fig. 2 would be the result of wider variations in star formation history for general field and cluster ellipticals than for the BCGs. This indicates that BCGs formed their stars very early; if there has been more recent star formation in these galaxies then the rate of star formation as a function of epoch must have been very uniform from galaxy to galaxy.
Given the narrow range in BCG COEW values, it is unrealistic to expect very strong correlations with other BCG parameters. Nevertheless, Fig. 4 does show a good correlation with absolute R-band magnitude in a 10 kpc metric aperture, MR, with a correlation coefficient of 0.51 and a probability of 98.4% that this represents a true correlation (i.e. 1.6% probability that it could arise by chance). This is significant enough to be useful as a distance indicator: the scatter in MR for the 21 galaxies observed is 0.326 mag, which reduces to 0.280 mag when the MR values are corrected for the COEW effect. The slope of the regression line of MR on COEW is somewhat smaller than that for the trend in MK (total K-band absolute magnitude) vs COEW for Coma cluster ellipticals (Mobasher & James 1999) , at -1.1±0.5 mag/nm c.f. -1.6±0.7 mag/nm for the Coma galaxies. However, this difference is not statistically significant (∼0.6σ). It is not possible to determine whether the absolute magnitude-COEW relations are consistent for the various samples because of the lack of homogeneous photometry, and the consequent need for large and uncertain colour and aperture corrections.
Similarly, there is a strong correlation between COEW and residuals (dMα) about the relation of MR with structure parameter α (Hoessel 1980) (Fig. 5) , in the sense that galaxies with high COEW tend to be bright relative to the mean relation (correlation coefficient 0.60, significance 99.6%). The residuals (dMα) are reduced from 0.243 mag to 0.195 mag by correcting for the trend with COEW shown in Fig. 5 . There is no correlation between COEW and the structure parameter α itself.
Given the trends found in Figs. 4 & 5, it is instructive to explore if these effects could cause the putative streaming flow signal detected by Lauer & Postman (1994) using the full sample of BCGs. However, we find no significant correlation between COEW and direction on the sky (Fig. 6 ). This implies that the Lauer & Postman (1994) apparent detection of a bulk flow was not an artefact of differing stellar populations between sample galaxies, although we have of course only looked at a small fraction (18%) of their sample.
The trends in figures 4 & 5 are both in the sense that brighter galaxies have higher indices: that in Fig. 4 could be a consequence of a metallicity-absolute magnitude relation, and there is indeed evidence of a weak correlation of COEW with metallicity (Fig. 7) . The correlation coefficient here is 0.52, but the relation has only 80% significance due to only 8 BCGs having tabulated Mg2 values. Fig. 7 also shows the trend in COEW with metallicity for 31 Coma cluster galaxies (Mobasher & James 1999) . The BCGs clearly lie at higher mean metallicity than do the Coma cluster ellipticals (mean Mg2 values 0.328 for the BCGs and 0.294 for the Coma el- Worthey (1994) , and that between [Fe/H] and CO absorption strength found by Doyon et al. (1994) , this predicts a difference in mean COEW of 0.05 nm, compared to the observed difference of 0.04±0.07 nm in the same sense. The small variation found here confirms the weakness of the dependence of COEW on metallicity, as found by Doyon et al. (1994) , at least at the high metallicity values typical of centres of bright galaxies, and also confirms our earlier conclusion that star formation history is the dominant effect in determining COEW strength. This is further confirmed by the wide spread in the COEW values of isolated and group ellipticals (James & Mobasher 1999) , with no corresponding change in their metallicity.
Finally, we find a weak correlation of COEW with velocity dispersion for 14 galaxies with data in Table 1 (Fig. 8) . This corresponds to a correlation coefficient of 0.294, and is significant at the 69% level. The slope and correlation coefficient are the same as was found for 31 Coma cluster ellipticals, also plotted in Fig. 8 , but the mean correlation for the BCGs is again offset, to higher velocity dispersion at a given COEW . The mean COEW is almost identical for the two samples, whilst the BCGs have a much higher average velocity dispersion, and hence mass, as expected.
CONCLUSIONS
We find that BCGs are much more homogeneous in evolved red stellar content than ellipticals overall, and BCGs are somewhat more homogeneous than Coma cluster ellipticals. The measured scatter in the COEW indices for BCGs is comparable to the measurement errors. We interpret this as implying a more uniform and probably earlier star formation history for BCGs than for normal ellipticals. Metallicity does not appear to be the controlling parameter of CO absorption strength for elliptical galaxies.
Absolute magnitudes, and magnitude residuals relative to the structure parameter relation of Hoessel (1980) correlate well with CO absorption depth. This may imply the presence of an additional intermediate-age population, or a higher metallicity population, in the galaxies which are over-luminous relative to the mean relation. However, this effect is very small and such populations, if present, must be weaker than in most field and cluster ellipticals, given the high degree of homogeneity in BCG COEW values.
It may be possible to use these correlations to define higher precision distance indicators for BCGs, which could be used for galaxies with redshifts up to 18,000 kms −1 , as is indicated by the reduced scatter in R-band absolute magnitude, and the reduced scatter about the structure parameter relation after correction for the correlation with COEW , discussed in section 3.
Recent ROSAT observations reveal that a significant number of the Lauer & Postman (1994) galaxies do not lie at the X-ray centroids of their clusters (Paul Lynam, private communication) , and there may be better candidates for the dominant central cluster galaxy. Thus our conclusions may refer more generally to bright galaxies towards cluster centres than to individual BCGs inhabiting the very centre of the cluster potential.
